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Electric-Field-Assisted Alignment of Supramolecular Fibers**
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Giovanni Marletta, Franco Cacialli, Jan van Esch,* and Paolo Samorì*
Dedicated to Professor Vincenzo Balzani on the occasion of his 70th birthday
A molecular wire consisting of a metal/molecule/metal
junction can be regarded as the basic building block for future
nanoelectronics applications. Alongside the great effort ex-
pended in the last ten years on the use of single molecules as
electroactive components,[1–3] there is also a growing interest
centered on the use of supramolecular architectures as elec-
troactive species to bridge metallic electrodes.[4] The supra-
molecular approach can enhance the mechanical and elec-
tronic properties of the wire, which should improve the
performance of electronic devices.[5–10]
One major challenge in the study of charge transfer across
organic molecules is achieving reproducible attachment be-
tween metallic electrodes. Although different electrode pairs
have been employed, including break junctions,[3] lithographi-
cally tailored nanoelectrodes,[11] and a solid substrate and a
conductive tip of an atomic force microscope[12–14] or a mer-
cury drop,[15] new, scalable routes to the controlled incorpora-
tion of nanometer-scale objects in the gap between nanoelec-
trodes are required.
The manipulation and alignment of an anisotropic object
using dielectrophoretic forces in an electric field has been suc-
cessfully accomplished with a variety of different structures
including metal and semiconducting nanoparticles[11] and
nanowires,[16] DNA molecules,[17] carbon nanotubes,[18,19]
block copolymers,[20] ZnO–organic complexes,[21] and dendron
rod–coil ribbons.[22] This has recently led, for example, to im-
proved emission properties of single conjugated polymer mol-
ecules.[23] The possibility of applying this technique to supra-
molecularly engineered nanostructures is thus of major
interest in view of their reversible self-assembling properties
under external stimuli such as temperature and chemical envi-
ronment.[24] We provide here the first direct quantitative de-
termination of the electric-field-assisted alignment of single
organic supramolecular fibers self-assembled at a surface.
We have chosen a gel-forming functionalized 1,3,5-triamide
cis,cis-cyclohexane derivative (cyclohexane trisamide gelator
(CTG), Fig. 1a) that is known to self-assemble into supramo-
lecular fibers in aqueous solution through the formation of hy-
drogen bonds.[25,26] Due to its wider applicability for electronic
applications, we present here attempts to form similar fibers
in an organic solvent. Fibers were deposited from solution
onto two gold electrodes arranged in a source–drain geometry
with micrometer-scale separation. During deposition, a DC
voltage was applied between the two electrodes and the
system was cooled below its sol–gel transition temperature
(Tsol–gel).
In the gel, the three intermolecular hydrogen bonds among
the amide moieties of CTGs are both parallel to one another
and perpendicular to the plane of the cyclohexane ring (see
Fig. 1a inset), endowing strong, self-complementary, and uni-
axial intermolecular interactions that are necessary to enforce
quasi-1D self-assembly.[27] Since each hydrogen bond has a di-
polar nature, the identical orientation of at least two of the
three H-bonded networks provides the columnar architecture
with a large dipole moment, making the CTG fibers excellent
candidates to study the effect of applied electric fields.
Micrometer-length CTG fibers were observed preferential-
ly on the top of the negatively charged electrode and tended
to align with the local electric field, which has been calculated
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the notable synthetic versatility of CTGs, which can be cova-
lently functionalized in their peripheral positions with electro-
active moieties, one can foresee their use as a scaffold for the
bottom-up fabrication of supramolecular wires for nanoelec-
tronics applications, providing an alternative to single-mole-
cule multichromophoric wires.[28]
Figures 1b and c show scanning force microscopy (SFM)
images of a CTG gel adsorbed onto muscovite mica. Some
areas of the sample are coated by densely packed intercoiled
fibers, forming a network, while other parts exhibit isolated
fibrils. The fibers display effective widths of 41± 14 nm and
average heights of 12 ± 4 nm. Given the 3.4 nm diameter of
the single molecules when their side chains adopt a fully ex-
tended conformation, the fibers are likely to be about four
molecules thick and twelve molecules wide.
A solution of CTG in 1-octanol kept at Tsol–gel = 80 °C was
cast onto a SiOx/Si surface overlaid with two facing Au elec-
trodes separated by a 5 lm gap. While applying a 2 V DC bias
across the two electrodes, the substrate temperature was
reduced from 80 °C to room temperature in
steps of 20 °C every 15 min for 1 h, initiat-
ing the formation of a gel film on the sur-
face. These gel films, shown in Figure 1d,
reveal a preferential adsorption of the CTG
architectures on the Au, while the SiOx/Si
remains almost uncoated. The CTG formed
intercoiled fibers that are preferentially
adsorbed on the input (i.e., negative) elec-
trode. This behavior appears similar to the
observed preferential adsorption of carbon
nanotubes onto positive electrodes, which
has been explained in terms of an induced
charged character of the nanotubes trigger-
ing site-selective adsorption.[18] In this case,
it is likely that, by using an AC voltage, one
could prevent the charging of the fibers,
thereby hindering the preliminary selective
adsorption onto the input electrode.[29,30]
Alternatively, the preferential adsorption
onto the input electrode could be due to an
oxidation of the positive Au electrode,
which acquires a poor affinity for the more
hydrophobic CTG fibers as it becomes
more hydrophilic.
On top of the input electrode shown in
Figure 1d, the bundles of fibers do not
adopt a random orientation; instead, they
align with the local electric field (Fig. 2a),
as confirmed by the sharp signals in the fast
Fourier transform (FFT) spectra (Fig. 2a,
insets).
To support this assertion, we modeled the
electrode system using a finite element
method and evaluated the electric field
throughout. Figure 1e shows the electric
field stream lines immediately above (i.e.,
within 500 nm of) the electrodes, assuming a liquid conductiv-
ity of 100 Sm–1. This field is weak, of about 1 V cm–1, and, as
shown in Figure 2b, it exhibits a component in the plane of
the input electrode with structure strongly reminiscent of that
displayed by the CTG fibers in Figure 2a. Calculated FFT
spectra of the electric field lines, shown by the insets in Fig-
ure 2b, are in good qualitative agreement with FFTs calcu-
lated for the corresponding real electrode areas.
To rule out other causes that could lead to the alignment,
the fibers were simultaneously deposited on another electrode
pair, located hundreds of micrometers away from the first and
across which no bias was applied. The same drop of solution
covered both the biased and unbiased pairs, providing identi-
cal experimental conditions. Figure 2c shows that the fibers
deposited on the unbiased electrodes exhibit random orienta-
tions, demonstrating that the alignment displayed in Figure 2a
is driven solely by the applied electric field.
The mean fiber orientation within any given area of the
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Figure 1. a) Chemical structure of the cyclohexane trisamide gelator, CTG, highlighting in red
the NH groups acting as hydrogen-bonding donors and in blue the carbonyl moieties behaving
as acceptors. Inset: Schematic drawing of the hydrogen-bonded stack characterized by a large
dipole moment. b,c) Scanning force microscopy images of the fibers arranged as b) a densely
packed network and c) isolated fibrils. Z-scales: (b) 40 nm, (c) 25 nm. d) Scanning electron
microscopy image highlighting the selective adsorption on the input electrode of preferentially
oriented fibers that occurred on applying 2 V between two electrodes for 1 h while decreasing
the temperature. A is the output electrode and B is the input electrode. e) Electric-field stream
lines over the electrodes calculated using finite element analysis.
2D FFT-based image processing. For each orientation angle a
in the plane, the amplitude A of the radial Fourier spectrum




FN2 r cos a  N2 r sin a  1
where F(u,v) is the Fourier transform for vector (u,v) in recipro-
cal space,N is the number of pixels comprising the area in ques-
tion, the DC component of the spectrum is at u=N/2, v=N/2,
and r is an index running through all the wavelengths present in
the FFT image. The angle amax having the highest amplitude
Amax in reciprocal space will therefore be perpendicular to the
dominant orientation of the fibers in the chosen region.
To quantify the fiber alignment in a given location on the sam-
ple surface, an empirical parameter, the texture direction index







where t is an index running through all an-
gles on the surface. S tends to 0 for fibers
perfectly aligned along one axis and tends
to 1 for a perfectly isotropic distribution.
These parameters are typically employed
for surface roughness characterization.[31]
Table 1 summarizes the values of amax
and S calculated in different positions on
the input electrode (Fig. 2a) and simulated
electrode (Fig. 2b), and compares them to
the S values determined at random loca-
tions of the unbiased electrode (Fig. 2c).
The comparison of the amax and S values provides unambig-
uous evidence for the electric-field-induced alignment of the
fibrils. These anisotropic architectures adopt orientations that
are preferentially parallel to the field lines. The orientation of
the fibers is not perfect, as confirmed by comparing the ex-
perimental data with the electric-field angles calculated by
the simulation. Moreover, the simulated values of S are nota-
bly smaller than those determined experimentally. This is
most likely due to the presence in the real experimental case
of noise in the system, including thermal fluctuations and dis-
solved solute and solvent effects. The behavior for intermedi-
ate values of the electric field (between the points reported
here), including their interpretation, will be detailed else-
where.[32]
The electrostatic field is not needed for the supramolecular
fibers’ formation, as proven by the presence of fibers even on
the unbiased electrode (Fig. 2c), and thus it only influences
the fibers’ orientation.
The electric-field-induced orientation found here to act on
fiber bundles can be expected to be even more pronounced
on single-molecule-wide fibers, which possess a well-defined
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Figure 2. a) SFM image of the biased Au electrode coated by CTG intercoiled fibers. A 2 V bias was applied to the electrode for 1 h immediately after
solution deposition to drive the orientation of the fibers. The electrode apex (not shown) is in the center-left of the visible area. The insets display the
2D FFTs calculated for a 5 lm×5 lm area centered on two representative points (i.e., I and II) of the SFM image. The white arrows show the main
fiber’s orientation (amax + 90°) in each point calculated using 2D FFT image analysis. b) Electric field lines calculated over the same area of (a).The in-
sets display the 2D FFTs calculated on a 5 lm×5 lm area centered on two representative points (i.e., I and II) of the calculated image. c) Scanning
electron microscopy (SEM) image of fibers deposited on an unbiased electrode showing an isotropic orientation of the fibrils. As the fibers look dark
in raw SEM images, the contrast of the image has been inverted to facilitate their identification. The insets display the 2D FFTs calculated on random
5 lm×5 lm areas.
Table 1. Fiber-orientation angles (amax + 90°) and order parameters (S) quantifying the prefer-
ential orientation of the fibers, as measured on 5 lm×5 lm zones centered on points I to V,
compared with values predicted by the model. The average texture direction indexes S for the
unbiased electrode has been averaged on ten different areas of 5 lm×5 lm each.
Zone I II III IV V Average
unbiased
electrode
Experiment amax+90° 246° 186° 215° 184° 185° –
S 0.78 0.69 0.77 0.71 0.72 0.88
Model amax+90° 225° 186° 195° 182° 168° –
S 0.456 0.457 0.389 0.356 0.398 –
obtained by grafting side groups that hinder the fibers’ lateral
attractive interactions without affecting the tendency to pack
face-to-face. Such substitutions in the bay positions could be
tuned to allow a higher affinity between the molecule and
SiOx/Si, favoring the adsorption of the fibers between the two
electrodes. Moreover, the alignment effect could be further
amplified by using a solvent which is less polar than 1-octanol.
Ongoing work in our laboratories is along these two lines.
In summary, we have successfully manipulated supramolec-
ular fibers with a DC electric field triggering their alignment
in preferred directions on a patterned surface made of Au
electrodes supported on an insulating SiOx/Si substrate. The
triggered alignment was determined quantitatively and com-
pared to the stream-line orientation of an electric field simu-
lated using a finite element approach. This result represents
the first step towards the controlled connection of metallic
nanoelectrodes by self-assembled fibers.
Experimental
The synthesis of the CTG has been described elsewhere [25,26,33].
Given the known critical gelation concentration and temperature of
the sol–gel transition (Tsol–gel) of 2 gL
–1 and 80 °C, respectively, we
have prepared a 2 gL–1 solution of CTG in 1-octanol by heating at
80 °C. A solution drop was cast on the SiOx/Si sample supporting the
nanopatterned electrodes, while applying 2 V between the electrodes
for one hour and decreasing of the temperature from 80 °C (Tsol) to
room temperature (Tgel). After the deposition, the drops were imme-
diately blown off the substrate with a gentle stream of N2 to remove
the residual gel from the gap between the two electrodes. The DC
voltage was applied with a Keithley 6517A high-resistance electrom-
eter. Prolonged application of a DC voltage also led to the presence
of the fibers on the SiOx/Si surface located in the gap between the two
Au electrodes.
Thin CTG films supported on mica were prepared on the freshly
cleaved substrate by drop-casting a 50 lL drop of gel obtained by
cooling the above solution to room temperature, followed by a dry-up
process of 1 h under a gentle stream of N2.
The polycrystalline Au electrodes were nanofabricated by focused
ion beam milling (FEI Dual Beam Strata 235 system, using Ga ions,
5 nm nominal beam diameter) of a 20 nm thick Au (99%) or Pt
(99%) layer deposited by sputter coating (Emitech K575X Turbo
Sputter Coater) on an insulating Si wafer bearing a 85 nm thick ther-
mally grown layer of SiOx. The substrate was washed before the de-
position with ethanol in an ultrasonic bath.
Samples were studied by both SEM (FEI Dual Beam Strata 235)
and tapping-mode SFM using a Digital Instruments Dimension 3100
(Veeco USA) operating at room temperature in air. Measurements
were executed with microfabricated silicon nanoprobes (length
125 lm and width 30 lm) having a spring constant between 17 and
64 Nm–1, using scan rates of 1–3 lines s–1 and a resolution of 512 pixel-
s × 512 pixels. The off-line analysis of the images was performed using
“Scanning Probe Image Processor” (SPIP) software (version 2.000,
Image Metrology A/S). The effective width of the fibers was esti-
mated taking into account the tip-broadening effect [34]. To under-
stand the observed local alignment of CTG fibers seen in Figure 2a,
we modeled the DC electric field in the vicinity of the electrodes using
the COMSOL Multiphysics finite element analysis package (COM-
SOL Inc, USA). The model comprises two 20 nm thick gold elec-
trodes overlaid on a 100 lm×110 lm slab of insulating substrate and
submerged in 500 nm of weakly conducting liquid, representing the
CTG in 1-octanol solution. The electrodes are separated by a 5 lm
gap and a total bias of 2 V was applied across them. Current flowing
through the system leads to a potential drop across the gold, giving
rise to a small electric field component in the vicinity of the elec-
trodes. To determine the structure of this field, we first quantified the
conductive properties of the materials in the system. Detailed model-
ing of the conductivity of sputtered gold is difficult without knowing
its polycrystalline structure. However, previous work [35] suggests
that the conductivity of a 20 nm sputtered gold film will be 5–10 or-
ders of magnitude less than that of the bulk metal, which has a typical
conductivity of 4.5–5.0 × 107 Sm–1. We therefore modeled the elec-
trodes as a metal with conductivity rgold = 5 × 10
6 Sm–1, and consid-
ered an arbitrary solvent conductivity (rsol) much lower than the rgold,
ranging between 102 to 106 Sm–1. Under such conditions, the structure
of the electric field present around the electrodes was found to be
largely invariant.
Received: February 9, 2006
Final version: February 24, 2006
Published online: April 10, 2006
–
[1] A. Nitzan, M. A. Ratner, Science 2003, 300, 1384.
[2] A. Salomon, D. Cahen, S. Lindsay, J. Tomfohr, V. B. Engelkes, C. D.
Frisbie, Adv. Mater. 2003, 15, 1881.
[3] M. Mayor, H. B. Weber, J. Reichert, M. Elbing, C. von Hanisch,
D. Beckmann, M. Fischer, Angew. Chem. Int. Ed. 2003, 42, 5834.
[4] A. P. H. J. Schenning, P. Jonkheijm, F. J. M. Hoeben, J. van Herri-
khuyzen, S. C. J. Meskers, E. W. Meijer, L. M. Herz, C. Daniel,
C. Silva, R. T. Phillips, R. H. Friend, D. Beljonne, A. Miura,
S. De Feyter, M. Zdanowska, H. Uji-i, F. C. De Schryver, Z. Chen,
F. Wurthner, M. Mas-Torrent, D. den Boer, M. Durkut, P. Hadley,
Synth. Met. 2004, 147, 43.
[5] M. Van der Auweraer, F. C. De Schryver, Nat. Mater. 2004, 3, 507.
[6] F. Cacialli, P. Samorì, C. Silva, Mater. Today (Oxford, UK) 2004, 7,
24.
[7] A. C. Grimsdale, K. Müllen, Angew. Chem. Int. Ed. 2005, 44, 5592.
[8] V. Balzani, M. Venturi, A. Credi, Molecular Devices and Machines:
A Journey into the Nanoworld, Wiley-VCH, Weinheim, Germany
2003.
[9] A. Schenning, E. W. Meijer, Chem. Commun. 2005, 3245.
[10] A. R. Pease, J. O. Jeppesen, J. F. Stoddart, Y. Luo, C. P. Collier, J. R.
Heath, Acc. Chem. Res. 2001, 34, 433.
[11] A. Bezryadin, C. Dekker,Appl. Phys. Lett. 1997, 71, 1273.
[12] T. W. Kelley, E. L. Granström, C. D. Frisbie, Adv. Mater. 1999, 11,
261.
[13] X. D. Cui, A. Primak, X. Zarate, J. Tomfohr, O. F. Sankey, A. L.
Moore, T. A. Moore, D. Gust, G. Harris, S. M. Lindsay, Science 2001,
294, 571.
[14] C. Gomez-Navarro, F. Moreno-Herrero, P. J. de Pablo, J. Colchero,
J. Gomez-Herrero, A. M. Baro, Proc. Natl. Acad. Sci. USA 2002, 99,
8484.
[15] E. Tran, M. A. Rampi, G. M. Whitesides, Angew. Chem. Int. Ed.
2004, 43, 3835.
[16] X. Duan, Y. Huang, Y. Cui, J. Wang, C. M. Lieber, Nature 2001, 409,
66.
[17] G. Maubach, W. Fritzsche, Nano Lett. 2004, 4, 607.
[18] M. S. Kumar, S. H. Lee, T. Y. Kim, T. H. Kim, S. M. Song, J. W.
Yang, K. S. Nahm, E. K. Suh, Solid-State Electron. 2003, 47, 2075.
[19] X. Q. Chen, T. Saito, H. Yamada, K. Matsushige, Appl. Phys. Lett.
2001, 78, 3714.
[20] T. L. Morkved, M. Lu, A. M. Urbas, E. E. Ehrichs, H. M. Jaeger,
P. Mansky, T. P. Russell, Science 1996, 273, 931.
[21] L. M. Li, E. Beniash, E. R. Zubarev, W. H. Xiang, B. M. Rabatic,
G. Z. Zhang, S. I. Stupp, Nat. Mater. 2003, 2, 689.
[22] B. W. Messmore, J. F. Hulvat, E. D. Sone, S. I. Stupp, J. Am. Chem.
Soc. 2004, 126, 14 452.
[23] F. Schindler, J. M. Lupton, J. Müller, J. Feldmann, U. Scherf, Nat.
Mater. 2006, 5, 141.












Adv. Mater. 2006, 18, 1276–1280 © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.advmat.de 1279
[25] A. Heeres, C. van der Pol, M. Stuart, A. Friggeri, B. L. Feringa,
J. van Esch, J. Am. Chem. Soc. 2003, 125, 14 252.
[26] K. J. C. van Bommel, C. van der Pol, I. Muizebelt, A. Friggeri,
A. Heeres, A. Meetsma, B. L. Feringa, J. van Esch, Angew. Chem.
Int. Ed. 2004, 43, 1663.
[27] J. J. van Gorp, J. A. Vekemans, E. W. Meijer, J. Am. Chem. Soc.
2002, 124, 14 759.
[28] J. Hernando, P. A. J. de Witte, E. M. H. P. van Dijk, J. Korterik,
R. J. M. Nolte, A. E. Rowan, M. F. García-Parajó, N. F. van Hulst,
Angew. Chem. Int. Ed. 2004, 43, 4045.
[29] F. Dewarrat, M. Calame, C. Schonenberger, Single Mol. 2002, 3, 189.
[30] J. Tang, B. Gao, H. Geng, O. D. Velec, L. Qin, O. Zhou, Adv. Mater.
2003, 15, 1352.
[31] Scanning Probe Image Processor (SPIP) Version 2.000, Image Me-
trology A/S, Lyngby, Denmark.
[32] L. Sardone, G. Marletta, J. van Esch, P. Samorì, unpublished.
[33] M. de Loos, Ph.D. Thesis, University of Groningen, The Netherlands
2005.
[34] P. Samorì, V. Francke, K. Müllen, J. P. Rabe, Chem. Eur. J. 1999, 5,
2312.














1280 www.advmat.de © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2006, 18, 1276–1280
